In this study, we examined the possible immune-mediated mechanisms in cardiorenal syndrome (CRS) type 1 pathogenesis. We enrolled 40 patients with acute heart failure (AHF), 11 patients with CRS type 1 and 15 controls. Plasma from the different groups was incubated with monocytes; subsequently, cell apoptosis was evaluated by DNA fragmentation, caspase activity and cytofluorometric assay. Cytokine quantification in plasma and supernatant was performed by ELISA. Monocytes treated with CRS type 1 plasma showed significantly higher apoptosis compared with those treated with AHF and the controls (p < 0.05). Caspase-3 (CRS type 1: 2.20 ng/ml, IQR 2.06-2.33; AHF: 1.48 ng/ml, IQR 1.31-1.56; controls: 0.71 ng/ml, IQR 0.67-0.81) and caspase-8 levels (CRS type 1: 1.49 ng/ml, IQR 1.42-1.57; AHF: 0.94 ng/ml, IQR 0.84-0.98; controls: 0.56 ng/ml, IQR 0.51-0.58) in cells incubated with plasma from these patients demonstrated a significantly higher concentration. We observed a strong upregulation of plasma IL-6 and IL-18 in CRS type 1 compared with AHF and the controls (p < 0.05). Interestingly, we observed a similar concentration of TNF-α in CRS type 1 and AHF. In CRS type 1 patients, IL-6 (52.13 ng/ml, IQR 47.29-66.83) and in supernatant were significantly higher than in AHF patients ) and controls (IL-6: 5.02 ng/ml, IQR 4.56-6.44; IL-18: 7.91 ng/ml, IQR 5.57-10.62). These findings suggest the presence of a defective regulation of monocyte apoptosis in CRS type 1 patients and the involvement of an immune-mediated mechanism in the pathophysiology of this syndrome.
Introduction
'Organ crosstalk' is fundamental for the homeostasis and optimal function of all systems. However, in a disease condition, there is a dysregulation of this system, and the diseased organ influences other organs [1, 2] . The heart and kidneys are intimately interconnected in a synergistic relationship of heart-kidney crosstalk. A dysfunction of the heart or kidneys often leads to a deterioration in function and damage to the other organ [3] . Given the complex and bidirectional interaction between these organs, the Acute Dialysis Quality Initiative (ADQI) proposed a consensus definition of cardiorenal syndrome (CRS) [4] . This recent definition and classification system has been generated to emphasize the bidirectional relationship between these organs and to include a vast array of acute or chronic conditions [3] .
CRS type 1 is characterized by an acute deterioration in cardiac function, such as acute decompensated heart failure, acute coronary syndrome, cardiogenic shock and cardiac surgery, leading to acute kidney injury (AKI) [5] [6] [7] . In fact, CRS type 1 has been described in 27-45% of hospitalized acute heart failure (AHF) patients [8] [9] [10] . A significant proportion of AHF patients develop AKI and, thus, CRS type 1 in the first 3-5 days after admission [8, 11, 12] . Moreover, AKI has been associated with a higher risk of prolonged hospitalization/ rehospitalization, cardiovascular events and all-cause mortality, as well as faster progression to chronic kidney disease (CKD) [13, 14] .
The pathophysiology of CRS type 1 is complex and poorly understood as it involves several factors which are interconnected [15] . It is a multifactorial syndrome involving different mechanisms interplaying between the metabolic, neuroendocrine and immune systems [16] . A better understanding of the complex interaction between the heart and kidneys could improve the management, treatment and prevention of CRS type 1.
In this research paper, we focus on the immune-mediated pathogenesis of CRS type 1, exploring the potential mechanism contributing to the vicious circle leading to this syndrome. The major aim of the study is to investigate the in vitro effect of plasma from CRS type 1 patients on a monocyte cell line. Furthermore, we examine the presence of typical cytokine plasma profiles in CRS type 1 patients to better understand the mechanisms of this syndrome and how inflammation in AHF can lead to immune-mediated acute kidney damage.
Subjects and Methods

Subjects
The study was conducted at the Internal Medicine Department of San Bortolo Hospital, Vicenza, Italy. Patients admitted to the Internal Medicine Department between September 2011 and February 2012 were screened. A total of 80 patients with AHF were further examined, and their medical histories were reviewed for inclusion into the study. Patients with AKI prior to the episode of AHF or with other potential causes of AKI were excluded from this study. Furthermore, patients with an eGFR <45 ml/min/1.73 m 2 or with a history of kidney transplantation were excluded.
Finally, we enrolled 40 AHF patients. Subsequently, we identified 11 of the 40 patients who exhibited AKI at the time of admission for AHF or developed AKI during the course of hospitalization, and those were classified as CRS type 1. CRS type 1 was defined according to the current classification system [3] . The cause of AKI was presumed to be related to the AHF (the exclusion of other plausible causes was based on a review of the clinical course). No patients who were hypotensive or required inotropic support prior to the diagnosis of AKI were included in the study. The remaining 29 patients, with AHF from any cause who did not develop AKI during hospitalization, were analyzed to better understand the contribution of AHF on monocyte apoptosis. In addition, 15 healthy volunteers without AHF or AKI were recruited as controls for this study.
AKI was defined by the Acute Kidney Injury Network (AKIN) criteria [17] . The procedures were in accordance with the Declaration of Helsinki. All patients were informed about the experimental protocol and the objectives of the study before providing informed consent and blood samples. The protocol and consent forms were approved by the Ethics Committee of San Bortolo Hospital, Vicenza.
Sample Collection
Blood samples were collected from the recruited patients on admission to the Internal Medicine ward. We also collected blood samples within 24 h of AKI from patients who developed CRS type 1. The blood samples were collected in EDTA tubes and subsequently centrifuged. Control samples from the healthy volunteers were processed in the same manner.
Biochemical Parameters
Urea, serum creatinine (SCr), albumin, hemoglobin and other biochemical parameters were measured by standard laboratory techniques with an automatic analyzer. SCr was measured by the Jaffe method, and the eGFR was calculated with the 4-variable standardized MDRD study equations. C-reactive protein levels (in mg/dl), white blood cell counts and percentages of neutrophils were assessed as well.
Quantitative determination of NGAL and BNP was performed with an Alere Triage CardioRenal Panel (Alere, San Diego, Calif., USA). Plasma NGAL and BNP levels were measured by fluorescence-based immunoassay with a Triage point-of-care analyzer (Alere), which allows the rapid quantitative measurement of NGAL and BNP concentrations in EDTA plasma; they are expressed as nanograms per milliliter and picograms per milliliter, respectively.
U937 Cell Culture
The human cell line U937 is a monocytic precursor cell line derived from a histiocytic lymphoma [18] . U937 cells were grown in a complete liquid-phase medium (RPMI 1640; International PBI, Milan, Italy) supplemented with 10% heat-inactivated fetal calf serum, 2 m M L -glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin (Sigma Chemical Co., St. Louis, Mo., USA). The U937 cells were maintained in a controlledatmosphere incubator (5% CO 2 ) at 37 ° C.
Induction of Apoptosis
The U937 cells were plated at 2 × 10 6 cells per well in 48-well plates and incubated with 90% (270 μl) RPMI 1640 medium (with 2 m M L -glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin) and 10% EDTA plasma (30 μl) from CRS type 1 and AHF patients as well as healthy controls in standard conditions (at 37 ° C in 5% CO 2 for 24 h).
Evaluation of Apoptosis
The U937 cells were treated with plasma from three different groups; the ability of the plasma to induce apoptosis was evaluated at 24 h. Untreated cells were maintained in an identical manner and used as a negative control. The apoptotic DNA fragmentation assay was performed with an Apoptotic DNA Ladder Extraction KIT (BioVision, Milpitas, Calif., USA) according to the manufacturer's protocol. DNA ladder fragmentation was detected by electrophoresis on 1.2% agarose gel staining with SYBR Safe (Invitrogen, Grand Island, N.Y., USA).
The U937 cells were also assayed for activation of caspase-3 and -8. The activities of caspase-3 and -8 were measured with a fluorometric assay (Human Caspase-3 Instant ELISA Kit, eBioscience, San Diego, Calif., USA; TruPoint Caspase-8 Kit, PerkinElmer Life Sciences, Boston, Mass., USA). U937 cells incubated with plasma for 24 h were processed according to the manufacturer's instructions; finally, activities were measured in cell lysates at 450 nm for caspase-3 and at 615 nm for caspase-8 with a VICTOR X4 Multilabel Plate Reader (PerkinElmer Life Sciences, Waltham, Mass., USA). All tests were performed in duplicate.
Quantitative determinations of apoptosis and necrosis were evaluated by cytofluorometric assay with an annexin V-FITC conjugate kit (Beckman Coulter, Brea, Calif., USA). This is an apoptosis/necrosis detection kit based on the binding properties of annexin V to phosphatidylserine and on the DNA-intercalating capabilities of propidium iodide (PI). Cells were washed twice with cold Dulbecco's PBS and then resuspended in 100 μl of PBS at a concentration of 5 × 10 5 cells/ml. This solution was incubated with 5 μl of annexin V-FITC conjugate and 2.5 μl of PI (Beckman Coulter). The cells were gently vortexed and incubated for 15 min at room temperature (25 ° C) in the dark; 400 μl of 1× binding buffer was added to each tube. The analysis was performed with a Navios Flow Cytometer (Beckman Coulter) to identify the subpopulations of apoptotic cells within 1 h. Apoptotic cells were gated and enumerated by identifying those cells that exhibited FITC and PI staining. Annexin V-FITC labeling was used to quantitatively determine the percentage of cells that were undergoing apoptosis. PI was used to distinguish necrotic from nonnecrotic cells. A minimum of 20,000 events were collected from each sample.
Determination of Cytokine Levels in Plasma and Supernatant
Quantitative determinations of TNF-α, IL-6 and IL-18 in the plasma of patients and in the supernatant were performed by the Human Instant ELISA Kit (eBioscience). Cytokine assessments were performed according to the manufacturer's protocol and instructions using 50 μl of sample. Optical density was read using a VICTOR X4 Multilabel Plate Reader at 450 nm. The concentrations of these molecules were calculated from the standard curve according to the manufacturer's protocol. All tests were performed in duplicate.
Statistical Analysis
Statistical analysis was performed using the SPSS 15 software package. Categorical variables are expressed as percentages; continuous variables are expressed as means ± SD (parametric variables) or medians and IQR (nonparametric variables). The Mann-Whitney U test or the t test was used for the comparison of coupled data, as appropriate. The Kruskal-Wallis test for multiple comparisons was applied to compare the groups. A p value of <0.05 was considered statistically significant.
Results
Subjects' Baseline Characteristics
Causes of admission for AHF included non-ST segment elevation myocardial infarction (2%), excessive salt and fluid intake (29%), hypertensive crisis (14%) and other causes (45%). The remaining 10% of the patients did not have any recognizable cause of AHF.
The mean age of the 11 patients with CRS type 1 was 74.0 ± 13.1 years, and 45% of these patients were male. The median baseline SCr of the CRS type 1 patients was 0.96 mg/dl (IQR Values denote means ± SD or medians (IQR) unless specified otherwise.
0.88-1.02). The median eGFR was 62 ml/min/1.73 m 2 (IQR 55-75). Seven of the CRS type 1 subjects (63%) had diabetes, and 10 (90%) had hypertension. On the first day of AKI, the median baseline SCr was 1.17 mg/dl (1.08-1.35) and the median eGFR was 46 ml/min/1.73 m 2 (IQR 44-64) in the CRS type 1 patients. The mean age of the 29 patients with AHF was 73.6 ± 9.5 years, and 58% of them were male. The median baseline SCr of the AHF subjects was 0.98 mg/dl (IQR 0.87-1.15), and the median eGFR was 67 ml/min/1.73 m 2 (IQR 53-82). Twelve subjects of the AHF group (41%) had diabetes, and 27 (93%) had hypertension. The characteristics of the CRS type 1 and AHF patients are described in table 1 . The mean age of the 15 healthy volunteers was 52.0 ± 7.7 years, and 47% of them were male.
None of the patients had had exposure to radiocontrast media in the 72 h preceding AKI. None of them developed a need for mechanical ventilation and renal replacement therapy. Urea, hemoglobin, albumin, NGAL and BNP levels were not significantly different at admission in CRS type 1 and AHF patients. Medical treatments were similar in the CRS type 1 and AHF patients. In particular, the amount of diuretics administered was similar in these two groups. The level of maximum SCr during hospitalization was significantly different between CRS type 1 and AHF patients (p < 0.05). The inflammatory profile was overlapping in the two groups ( table 1 ) .
Apoptotic Effect of CRS Type 1 Plasma on U937 Cells
Since cell growth inhibition and apoptotic body formation are indicative of apoptosis induction, we examined the initiation of DNA ladder formation and other characteristic features of apoptosis by the methods described above. In monocyte cell lines treated for 24 h with CRS type 1 plasma, the results showed DNA ladder formation with different molecularweight fractions, suggesting the presence of apoptotic events ( fig. 1 ) .
Fragmentation of the genomic DNA is a biochemical hallmark of apoptosis, an irreversible event that commits the cell to die. In many systems, this DNA fragmentation has been shown to result from activation of an endogenous nuclear endonuclease. This enzyme selectively cleaves DNA at sites located between nucleosomal units generating mono-and oligonucleosomal DNA fragments. On agarose gel electrophoresis, these DNA fragments reveal a distinctive ladder pattern consisting of multiple DNA subunits.
The quantitative analysis of apoptosis by flow cytometry confirmed that U937 cells incubated with plasma from CRS type 1 patients had significantly higher apoptosis rates than those incubated with plasma from AHF patients and controls (p < 0.001 and p < 0.05, respectively). The level of apoptosis detected after 24 h of incubation was 34.95% (IQR 28.78-37.65) for the CRS type 1 patients, while it was 12.50% (IQR 9.98-15.50) in the AHF group and 1.39% (IQR 1.23-1.82) in the controls ( fig. 2 ) . The concentrations of caspase-3 and -8 were measured in U937 cells treated for 24 h with plasma from the different groups. In concordance with the apoptosis rate, U937 cells incubated with plasma from CRS type 1 patients demonstrated significantly higher caspase-3 and -8 activities compared with the AHF and control groups (p < 0.001 and p < 0.05, respectively). The level of caspase-3 detected after 24 h of incubation was 2.20 ng/ml (IQR 2.06-2.33) for the CRS type 1 patients, while it was 1.48 ng/ml (IQR 1.31-1.56) in the AHF group and 0.71 ng/ml (IQR 0.67-0.81) in the control group. The activity of caspase-8 detected after 24 h of incubation was 1.49 ng/ml (IQR 1.42-1.57) for the CRS type 1 patients, while it was 0.94 ng/ ml (IQR 0.84-0.98) in the AHF group and 0.56 ng/ml (IQR 0.51-0.58) in the control group ( fig. 3 ) . 
Inflammatory Cytokines in Plasma
IL-6 and -18 levels were significantly higher in patients with CRS type 1 when compared with patients with AHF (p < 0.001) ( table 2 ; fig. 4 ) fig. 4 ) . However, TNF-α levels in plasma were significantly elevated both in CRS type 1 (32.87 pg/ml, IQR 27.09-38.51) and in AHF (36.74 pg/ml, IQR 29.53-39.74) when compared with the controls (6.89 pg/ml, IQR 3.84-9.53; both p < 0.05) ( table 2 ; fig. 4 ).
Cytokine Values in Monocyte Supernatant
Cytokine levels were measured by ELISA in monocyte supernatant after 24 h of incubation to examine the potential immune mediators involved in the immune-mediated damage in CRS type 1 pathogenesis ( table 3 ; fig. 5 ). TNF-α levels were significantly elevated both in CRS type 1 (36.87 pg/ml, IQR 25.55-49.54) and in AHF (32.66 pg/ml, IQR 28.88-36.61) when compared with the controls (8.85 pg/ml, IQR 6.13-11.89; both p < 0.05). However, no significant difference was found in supernatant TNF-α concentrations between the CRS type 1 and AHF groups ( fig. 5 ). Furthermore, in the CRS type 1 patients, proinflammatory cytokine (IL-6 and -18) levels were significantly higher than in the AHF patients and control subjects (p < 0.001 and p < 0.05, respectively fig. 5 ).
Discussion
A concurrent dysfunction of the heart and kidneys is due to the cellular and molecular crosstalk between these organs. Activation of an immune response, a cellular response and inflammation as well as of apoptotic pathways is implicated in the pathogenesis of CRS type 1 Values denote medians (IQR). [16] . Immune-mediated damage, alterations in the immune response with apoptosis, cytokine release, inflammation and changes in immune cell functions have been postulated as potential mechanisms involved in the pathogenesis of CRS [3] . In this study, we examined the possible role of the immune-mediated mechanisms involved in the pathogenesis of CRS type 1. In fact, we analyzed the in vitro response of monocytes incubated with plasma from CRS type 1 patients in terms of apoptosis and cytokine release. The secondary aim of this study was to evaluate the presence of cytokines in the plasma of CRS type 1 patients to better understand the mechanism of this syndrome.
Our results indicate significantly higher apoptosis levels in monocytes incubated with CRS type 1 plasma when compared with the levels in monocytes incubated with plasma from AHF patients and controls. Moreover, the caspase-3 and -8 levels confirmed a strong activation of the apoptotic pathway. We also report a strong upregulation of plasma proinflammatory cytokines in CRS type 1 patients compared with AHF patients and controls. Furthermore, we observed that high levels of IL-6 and -18 as well as TNF-α were produced by monocytes incubated with CRS type 1 plasma and then released in the cell supernatant.
The mechanisms by which the onset of AHF leads to AKI are multiple and complex. All experimental models of AKI, such as ischemia-reperfusion, sepsis-endotoxemia and nephrotoxic models, are associated with a strong inflammatory activity [19] . Recently, Lee et al. [20] reported a central role for cytokines in the pathophysiology of AKI. The multiple factors involved in the development of AKI during heart failure describe a pathogenesis of AKI accounting for multiple pathways. Recently, humoral signaling and the inflammatory pathways have been reported as new interesting mechanisms to explain distant organ damage and, in particular, kidney injury in heart failure [21] .
A marked apoptotic activity, highlighted by DNA fragmentation, the asymmetric distribution of phosphatidylserine (detected by annexin V) and caspase activation, was observed in the monocytes incubated with plasma from CRS type 1 patients. In particular, we found a significantly higher level of in vitro apoptosis in monocytes incubated with plasma from CRS type 1 patients compared with the levels in monocytes incubated with plasma from AHF patients and controls.
We studied caspase-3 and -8 activation and observed a significantly higher activity in cells incubated with CRS type 1 plasma than in those incubated with plasma from AHF patients and controls, which was associated with a higher extent of apoptotic death. It is likely that in U937 cells, the observed apoptosis may be due to the presence of proapoptotic factors in the plasma of CRS type 1 patients. This finding suggests that CRS type 1 might have an inflammatory pattern due to various cardiorenal mediators that induce an early pathological apoptosis in monocytes.
We found twice the levels of IL-18 and more than twice the levels of IL-6 in the plasma of CRS type 1 patients compared with AHF patients. Furthermore, we observed a similar plasma concentration of TNF-α in these two groups, but significantly elevated levels of TNF-α when compared with the controls. In fact, TNF-α levels are directly related to progression and prognosis in patients with heart failure [22, 23] . We found a comparable level of TNF-α in CRS type 1 and AHF patients, and we hypothesized that, differently from other cytokines, TNF-α could not be implicated in the renal damage in CRS type 1 but only in the pathophysiological mechanism of AHF.
Based on our results, we postulate that an immune-mediated mechanism and a loss of the normal balance of the immune system may play a role in the pathogenesis of CRS type 1. The loss of the normal balance of the immune system and an altered humoral profile may induce the deleterious impact of AHF on kidney function. Factors such as inflammation and oxidative stress may be involved in an altered immune regulation that induces monocyte apoptosis as well as tissue and organ damage.
Monocytes may mediate apoptosis in other cells through the production of proinflammatory cytokines and other mediators. In our in vitro system, monocytes were capable of producing proinflammatory cytokines after receiving a signal present in the plasma of CRS type 1 patients. These mediators may induce apoptosis as well as tissue and organ damage via endocrine and paracrine actions. Monocytes are exposed to proinflammatory and proapoptotic factors present in the plasma of patients, and this leads to an upregulation of the production and release of proinflammatory cytokines that can lead to a vicious circle of CRS and the crosstalk between organs [24] .
Our results are similar to those obtained by Virzì and colleagues. In particular, in a recent study [25] , they observed that the plasma of CRS type 1 patients induces apoptosis in U937 cells. However, this study had a strong limitation: all 15 patients included with CRS type 1 had CKD prior to their enrollment in the study. In particular, 1 patient had CKD stage 2, 4 patients had CKD stage 3, 6 had CKD stage 4, and 4 had CKD stage 5 (not yet on renal replacement therapy). CKD could be a confounding factor and partly contribute to the apoptosis [26] . Indeed, in previous studies, de Cal and colleagues [27, 28] had shown that the plasma of patients with CKD by itself induces apoptosis in these cells. In fact, Virzì et al. [25] reported that apoptosis appeared to increase across CKD stages 1-4 and that this was associated with increased proinflammatory activity.
In this study, we investigated the role of immune-mediated mechanisms in CRS type 1 patients with AKI related to AHF with only normal-to-moderate CKD. Therefore, the observed apoptosis is not principally due to CKD but only due to the inflammatory and apoptotic mechanisms of CRS. These findings suggest that the presence of proinflammatory cytokines and proapoptotic factors in CRS type 1 plasma causes a defective regulation of monocyte apoptosis in those patients. Furthermore, these preliminary results suggest that inflammatory pathways have a central role in the pathogenesis of CRS type 1.
We are aware that there remains a huge knowledge gap with regard to plasma cytokine concentrations, monocyte apoptosis and renal damage in CRS type 1. The measurement of CRS type 1 plasma cytokines together with the evaluation of their effect on monocytes is only one possible way to demonstrate the immune-mediated defective regulation and the involvement of inflammation in this syndrome.
Further investigations are necessary to better define the actual pathophysiological process, to elucidate the paracrine signaling pathways and to determine the factors involved, such as cytokine release and oxidative stress. A better understanding of the pathophysiology has important therapeutic and prognostic implications for CRS type 1 and for heart-kidney crosstalk.
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